Abstract: Based on a temperature-dependent longitudinal-mode-selection model, a broad temperature range for single-longitudinal-mode (SLM) operation of a short DBR phosphate fiber laser has been demonstrated. In order to make the variety in cavity resonance wavelength match the reflection peak changing in fiber Bragg grating (FBG) when the ambient temperature changes, the packaging materials with different coefficient of linear expansion are used for the active fiber and the FBG, respectively. The temperature variation range without mode hopping of the SLM fiber laser has been increased from about 2°C to over 20°C, while the continuous tunable wavelength range broadened to be > 149 pm.
Introduction
Continuous tunable single-frequency fiber lasers (SFFLs) are desired in many applications such as laser radar, interferometric sensing, spectroscopy, laser medicine, and coherent communication [1] - [5] . In recent years, thanks to the development of heavily rear earth (RE) ions doped multi-component glass fiber, short cavity SFFLs with impressive performances have been well developed [6] - [8] . For this type of laser, the distributed Bragg reflector (DBR) cavity configuration is advantageous for realization of narrower linewidth, lower noise, and all in a compact all-fiber design. In brief, two silica based fiber Bragg gratings (FBG) fusion splice to each end of a segment of active fiber, and single-longitudinal-mode (SLM) lasing would yield given that the reflection bandwidth of the output FBG is comparative with the free spectral range (FSR) of the cavity [9] . Currently, the common value of filtering bandwidth of output FBG is in the ten or so GHz level, and this is narrow enough for SLM operation in centimeters long fiber cavity [10] , [11] . Nevertheless, the problem is that the laser is susceptive to external disturbances (especially temperature variations), and active temperature control is indispensable; otherwise, mode-hopping or mode-competition phenomena would arise. In [7] , an over 400 mW stable continuous wave single-frequency laser at 1.06 m was achieved from a 0.8-cm-long active fiber, whilst the SLM temperature range is only about 2°C. Under this circumstance, applications of SFFLs would be highly limited, in occasions that the ambient temperature changes dramatically or accurate temperature control is infeasible, for example, as laser source in space satellite or interrogation element in deep sea hydrophone [12] , [13] . In addition, SFFLs can be also sensing element itself for monitoring of temperature change, and in this case the laser should keep SLM operation in a considerable wide temperature range [14] , [15] .
In this paper, a temperature dependent longitudinal-mode-selection model of SFFL was proposed, and a DBR fiber laser with broadened SLM temperature range on the basis of the resonance matching of the cavity and the fiber Bragg grating (FBG) was realized. The achieved SLM temperature range is over 20°C, while the continuous SLM tunable wavelength range is over 149 pm.
Theoretical Model and Experiment
A laser cavity was established by fusion splicing a spectrally narrow band fiber Bragg grating (NB-FBG) and a wide band fiber Bragg grating (WB-FBG) to each end of a 1-cm-long Yb 3+ doped phosphate fiber, as shown in Fig. 1 . The designed phosphate glass fiber has a core diameter of 5.0 m with an NA of 0.14 at 1.06 m. 15.2 wt% Yb 3+ ions were doped uniformly in the active fiber [7] . The NB-FBG was irradiated with a 3 dB-bandwidth of 0.05 nm and a reflectivity of 70.0% at 1064 nm. The reflectivity of the WB-FBG is larger than 99.5% at 1064 nm. The reflectivity of both WB-FBG and NB-FBG are smaller than 2% at 980 nm. A polarization maintaining fiber was used for the NB-FBG, where the wavelength interval of fast-axis and slow-axis is 0.4 nm. And the 3 dB bandwidth of WB-FBG is 0.35 nm. Therefore only the wavelength along slow-axis can be located in the 3 dB bandwidth of WB-FBG. The active fiber and the FBG were packaged with capillary and the whole resonator was assembled into a copper tube for temperature-control through a cooling system. The pump light was coupled into the laser cavity through a 980/1064 nm WDM, and the longitudinal-mode properties and the wavelength value of the fiber laser were measured by a Fabry-Pérot interferometer and a wavemeter, respectively. In order to protect the cavity from damage, it is usual to use silica capillary to package the whole fiber cavity.
Based on the mode-selection principle of DBR fiber lasers, only if the longitudinal-mode is located inside the start oscillation bandwidth of the NB-FBG will the laser will then operate in the SLM regime. When the cavity is only subjected to temperature variations, a change in the resonance wavelength and the Bragg wavelength is given by [9] 
where 0 is the resonance wavelength, B is the Bragg wavelength, is the coefficient of linear expansion, and is the thermal-optic coefficient. The subscript 0 and B represent for active fiber and FBG, respectively. The material difference between the silica FBG and the phosphate gain fiber results in the difference between S f and S q , which denotes the temperature drift velocity of FBG and longitudinal-mode, respectively. To ensure the fiber laser running with SLM and high power, the longitudinal mode spacing should meet the condition of 2Á q 9 Á f > Á q , as shown in Fig. 2(b) , where Á q is the longitudinal mode spacing and Á f is the start oscillation bandwidth of NB-FBG. Otherwise when two or more longitudinal modes present in the start oscillation bandwidth of NB-FBG, the output of the laser would suffer from mode-hopping in cases of instantly and dramatically temperature changing. When the ambient temperature changes, the mode selection sketch would turn from one terminal side to another [see Fig. 2(b) ], and the expression can be described as
where ÁS ¼ jS f À S q j is the difference between S f and S q , and ÁT s ¼ T s2 À T s1 is the temperature range for continuously SLM operation. In this process, the resonance wavelength range of SLM operation is given by
Due to the restriction of longitudinal mode spacing, i.e., 2Á q 9 Á f 9 Á q , it may turn into the situation in which two longitudinal modes present in the start oscillation bandwidth of NB-FBG when the temperature changes further, as shown in Fig. 2(c) . The expression is described as
where ÁT m ¼ T m2 À T m1 is the temperature range for continuously multi-longitude-mode (MLM) operation. After mode-hopping, the change of resonance wavelength is the addition of drift wavelength and the longitudinal-mode spacing
It was experimentally verified that the value of Á q , Á f , S q , and S f can be regarded as constant within narrow temperature range. Therefore, (3)-(6) can then be transformed into the following format:
With equations (7)-(10), the value of S q , S f , Á q , and Á f can be calculated by measuring the temperature and wavelength parameters (i.e., ÁT s , ÁT m , Á s , and Á m ). Additionally, the effective cavity length of the laser can be calculated with L ¼ c=ð2Á q Þ, where c is the light speed in vacuum, and is the refractive index of the fiber core. The reverse operations of equations (7)- (10), which simulate the temperature and wavelength parameters including S q , S f , Á q , and Á f , are given by
Based on this model, the DBR fiber laser with a specific temperature range of SLM operation can be designed and developed. In particular, a 1064 nm all quartz glass tube packaged DBR fiber laser with a 1 cm long active fiber was constructed and examined. The measured and calculated cavity parameters are shown in Table 1 .
The longitudinal mode spacing ðÁ q Þ is 15 pm corresponding to the effective cavity length of 2.5 cm. Using these parameters, the wavelength and temperature parameters of resonance cavity with different lengths can be simulated, as shown in Fig. 3 . The results show that the SLM temperature and wavelength range are negatively correlated with the cavity length under the condition of 2Á q 9 Á f 9 Á q . When the cavity length is less than 1.7 cm, the longitudinal-mode spacing is wide enough for SLM operation. While the resonance cavity length is over 3.3 cm, the SLM output would not be maintained. It can be seen from the simulation results that though the SLM temperature range can be broadened by shorting the cavity length, the broadening extent is limited, and the output power would reduce at the same time.
It is necessary to find another way to solve the problem. The simulation results for SLM temperature ranges with various differential value of S q and S f ðÁSÞ for a 2.5 cm long laser cavity are shown in Fig. 4(a) . The figure indicates that the closer the S q approaches S f , the wider range of SLM temperature would be realized. That is, when the change in reflection peak of FBG and resonance wavelength of cavity matches each other, the DBR fiber laser with SLM operation in a wider temperature range would be achieved more easily.
In order to make the S q tracking the S f , materials of the capillaries with different were chosen to encapsulate the FBG and the active fiber respectively, as shown in Fig. 1 . Based on the calculated data in Table 1 , the resonance wavelength drift velocity ðS q ¼ 3:9 pm= CÞ is less than the Bragg wavelength drift velocity ðS f ¼ 7:2 pm= CÞ. In order to increase the S q to approach the S f , material with larger should be adopted for packaging the active fiber, while still use the silica capillary to package the FBG. We choose high borosilicate glass (HBG) and zirconia ceramics (ZC) as candidate materials, because of the high stability and larger , as shown in the second column of Table 2 [13] . The correlation parameters calculated by the model and the measured experiment results are shown in the last two columns of Table 2 . The SLM temperature range of DBR fiber laser with silica, HBG and ZC packaging was measured to be 2.3°C, 4.1°C, and 20.7°C, respectively. The measured SLM wavelength with the change of temperature for the three different packaging materials are shown in Fig. 4(b) , where the dotted portion represents the mode-hopping (MLM) region. The SLM temperature range of ZC packaged laser is more decuple than that of the silica packaged laser. Fig. 4(c) shows the total shift of ZC packaged fiber laser generation spectrum within SLM temperature range. The continuous tunable temperature of the DBR fiber laser with ZC packaging ranges from 15.7°C to 36.4°C, and the continuous tunable wavelength range was broadened to be 149 pm. The single-frequency characteristics were confirmed by the scanning Fabry-Pérot interferometer (SA210-9A), as shown in Fig. 4(d) . The achieved output power of 30 mW is obtained at the pump power of 107 mW and the power instability of the average power was of < 0.25%. The differences between S q and S f in cases of silica, HBG, and ZC packaging are 3.3 pm/°C, 1.9 pm/°C, and 0.5 pm/°C, respectively, as shown by the dot in Fig. 4(a) , where the blue curve represents the prediction results simulated by the model above, and the experiment results well agree with the simulation. If a better material for packaged capillary is chosen with proper S q , which is closer to S f , the temperature range for the SLM laser output would be increased.
Conclusion
In conclusion, a broad continuous temperature tunable DBR fiber laser based on a temperature dependent longitudinal-mode-selection model was proposed. Based on this model, by using different packaging materials for the active fiber and the FBG, the change in cavity resonance wavelength can be well matched the Bragg wavelength change in FBG when thermal variation TABLE 2 Parameters and test results for three different material packaging conditions is applied to the cavity. The SLM temperature range of the phosphate fiber laser was increased from about 2°C to over 20°C. The continuous wavelength tunable range with temperature change was broadened to be 149 pm. Based on the model and the experiments, further broadening of the SLM temperature range of the fiber laser can be realized, and this is believed to be promising for expanding application of fiber lasers in fields that demands robust SLM operation under condition of dramatic varying ambient temperature.
